The strong and ductile single-phase body-centered-cubic (BCC) HfNbTaTiZr refractory high-entropy alloy (RHEA) is a potential structural material for high-temperature applications. However, the BCC phase stability in the intermediate temperature range (500-900°C) needs to be better understood to make this alloy applicable to industry. In the present work, the phase decomposition of the HfNbTaTiZr RHEA is examined at different temperatures (500-1000°C). Additionally, the formation of BCC Ta-Nb-rich and hexagonal-close-packed (HCP) HfZr-rich precipitates are studied as a function of annealing time at 700°C using a combination of atom probe tomography, transmission electron microscopy, and X-ray diffraction. We found that these BCC and HCP precipitates have preferred orientations with the BCC matrix.
Refractory high-entropy alloys (RHEAs) have motivated rapidly increasing investigations due to their exceptional high-temperature mechanical properties and great application potential in thermally-harsh environments (e.g., aerospace and power-generation industries) [1] [2] [3] [4] [5] [6] [7] [8] [9] . However, a key bottleneck that hinders their real-world applications is the brittleness and poor malleability at low temperatures. It was recently reported that the HfNbTaTiZr RHEA could overcome this hurdle by exhibiting a combination of high strength and good ductility [6, 9] . To promote applications of this alloy at elevated temperatures, maintaining the high phase stability in a broad temperature range during a prolonged service time is crucial to retain its stable structural performance.
The HfNbTaTiZr RHEA in the as-cast state as well as after annealing above~1000°C [6, [9] [10] [11] [12] is generally regarded as a single-phase bodycentered-cubic (BCC) solid solution with high stability because of a large contribution of the configurational entropy to the Gibbs free energy. However, contrary to the commonly-expected high-entropy effect that should stabilize the BCC phase at high temperatures, recent investigations by Senkov et al. [9, 10] demonstrated that two BCC phases corresponding to Nb-Ta-rich precipitate and Hf-Zr-rich matrix were formed after annealing a cold-rolled HfNbTaTiZr RHEA at 800°C for 2 h. Furthermore, they found that the diffusion of Nb and Ta may control the precipitate coarsening in the HfNbTaTiZr at 800°C, due to their low self-diffusivities and interdiffusion, compared with that of Ti and Zr [10] . Controversy also exists for the phase stability of the HfNbTaTiZr RHEA at intermediate temperatures of 500-900°C. For example, Stepanov et al. [11] reported the formation of two phases with hexagonal-closedpacked (HCP) and BCC structures after annealing a homogenized HfNbTaTiZr at 800°C for 100 h. Schuh et al. [12] recently examined the stability of the nanocrystalline HfNbTaTiZr RHEA and reported the formation of three phases (two BCC and one HCP phases) after annealing at 800°C for 1 h or at 500°C for 100 h. Moreover, calculated phase diagram (Calphad) simulation results suggest that the single phase at high temperatures starts to decompose into three phases when the temperature is below 800°C, which is in agreement with the experimental results found in the nanocrystalline HfNbTaTiZr RHEA [12] . Compared with the bulk form, precipitation behavior in the nanocrystalline alloys, however, may behave differently under annealing due to a high fraction of grain boundaries acting as heterogeneous nucleation sites. Aimed to clarify above controversy, the microstructural evolution of the bulk HfNbTaTiZr alloy in the intermediate temperature range was detailed in the present study.
The HfNbTaTiZr buttons were prepared by arc-melting in an argon atmosphere. The solidified buttons were cut into slabs with dimensions of 13.5 mm × 25 mm × 50 mm, and then cold-rolled to a final thickness of 4 mm (a total reduction of~70%) with the imposed per-pass thickness reduction of 0.25 mm. The rolled sheets were then sealed in vacuum-quartz tubes and then homogenized at 1200°C for 10 min., followed by water quenching. The as-homogenized alloys were subsequently annealed at (550-1000°C) for 96 h or at 700°C for 2.5 h, 96 h, and 192 h, respectively.
The crystal structures of the heat-treated samples were examined by synchrotron X-ray diffraction (XRD) with an energy of 111 keV (λ = 0.1173 Å) at the ID-11 Advanced Photon Sources (APS), Argonne National Laboratory (ANL). The diffraction data were collected with a two-dimensional (2D) detector, which was placed about 1200 mm behind the sample. The 2D diffraction data were processed with the Fit2D software [13] . Besides, the crystal structures of annealed samples were identified by a Panalytical Empyrean X-ray diffractometer with Cu Kα radiation as well. To further investigate the microstructure evolution, several advanced characterization methods were employed, including scanning electron microscopy (SEM) operated in a back-scattered electron (BSE) mode, transmission electron microscopy (TEM) with energydispersive X-ray spectroscopy (EDS), and atom probe tomography (APT). The standard bright-field images and selected area diffraction patterns were obtained, using a FEI Talos F200X and the Argonne Chromatic Aberration-corrected TEM (ACAT) at ANL, respectively. An FEI Nova 200 dual-beam focused ion beam (FIB) instrument was used to perform site-specific lift-outs of specimen regions-of-interest (ROI) and annular milling to fabricate the needle-shaped APT specimens. The APT measurements were performed with a CAMECA Instruments LEAP 4000X HR in a laser mode with a 50 pJ pulse energy at 30 K and a detection rate of 0.005 atoms per pulse. The collected dataset was reconstructed by the CAMECA IVAS 3.8 software [14, 15] . Fig. 1(a) shows that the homogenized specimen has the typical recrystallization microstructure with equiaxed-grains. The corresponding EDS mapping in Fig. 1 (b-f) reveals a homogeneous distribution of the composition in the as-homogenized sample. The phase of the homogenized specimen was verified by the synchrotron XRD measurement, shown in Fig. 2(a) . The homogenized sample has a single BCC phase with a lattice constant of 3.408 Å. Fig. 2 (a) also presents the synchrotron XRD patterns of the specimens annealed at 550, 700, 900, and 1000°C for 96 h. For the sample annealed at 1000°C, only a single BCC phase was found. When annealed at 900°C, the BCC phase becomes unstable by showing peak splitting. Multiple phases were observed at 550 and 700°C, which were confirmed as two BCC phases and one HCP phase, consistent with the previous phase diagram calculation results [12] . Specifically, several minor peaks were corresponding to the BCC matrix disappear when the specimen annealed at 550°C, compared with that at 700°C. The phases present after annealing experiments at various temperatures are summarized in Table 1 . Fig. 2(b) shows the synchrotron XRD patterns of specimens annealed at the specific temperature of 700°C for 2.5 h, 96 h, and 192 h. The specimen annealed at 700°C for 2.5 h has a major BCC phase and another minor BCC phase (confirmed as the Ta-Nb-rich BCC phase later). After annealing at 700°C for 96 and 192 h, three phases are formed, identified as two major BCC phases and one minor HCP phase. The two BCC phases have a lattice parameter of 3.447 Å (denoted as BCC1) and 3.323 Å (denoted as BCC2), respectively. The lattice parameters of the HCP phase are: a = 3.143 Å and c = 5.042 Å. The microstructures of the samples annealed at 700°C for 2.5, 96, and 192 h were shown in Fig. 2(c-h) . After the short annealing time of 2.5 h, precipitates with an irregular morphology formed along the grain boundaries, with the volume fraction of about 3.23%. After annealing at 700°C for 96 h [ Fig. 2(e, f) ], precipitates with a lamellar shape were formed along grain boundaries, and meanwhile round-shape precipitates were developed within grains, with increasing the total volume fraction of about 41.2%. With increasing the annealing time to 192 h [ Fig. 2(g, h) ], precipitate coarsening occurs within the grains, while a morphology change of the precipitates at grain boundaries from the lamellar to spherical shapes occurs due to a reduction of the total interface energy. The total volume fraction of precipitates is about 39.8%. Fig. 3 (a-g) shows a bright-field (BF) scanning transmission electron microscopy (STEM) image of the sample annealed at 700°C for 96 h and its corresponding elemental-distribution maps obtained by STEM-EDS. The TEM image of the microstructure is taken from a grain interior containing precipitates. Consistent with the XRD results, the elemental maps reveal three phases: the Ta-Nb-rich phase found in the area denoted as N1 in Fig. 3(a) and (g), the Hf-Zr-rich phase indicated as the N2 area, and the phase with almost evenly-distributed elements in the area denoted as N3. The compositions of the three multi-element phases based on the TEM-EDS analysis are summarized in the "TEM" row of Table 2 . The SEM-EDS analysis (not shown) is unable to reveal the compositional difference due to the phase size being smaller than 1 μm. Fig. 3(h-k) shows the APT atom maps and proximity histograms of the Ta-Nb-rich and Hf-Zr-rich phases. For the sample annealed at 700°C for 2.5 h, the XRD result suggests a major BCC phase with a small amount of Ta-Nb-rich and Hf-Zr-rich precipitates, which was observed in the compositional analysis by APT [ Fig. 3(h) ]. The sample annealed at 700°C for 96 h presents three phases with different elemental compositions, which was further characterized by APT as well [ Fig. 3  (i) ]. The tip sample was taken from the grain-boundary (GB) region. The analyzed APT area was close to a GB. The elemental-concentration profiles generated from an iso-concentration surface (proximity histograms) between the Ta-Nb-rich and Hf-Zr-rich precipitates presented in Fig. 3(h, i) are exhibited in Fig. 3(j, k) . The compositional analysis of the sample annealed for 96 h is listed as the "APT" row in Table 2 . It should be noticed that there are some compositional differences for the Ta-Nb-rich and Hf-Zr-rich phases between TEM-EDS and APT results, which might be due to the inherent composition difference from solidification at grain boundaries and grain interiors. This trend does not influence the phase transformation in the present study. The corresponding compositions for each phase obtained from APT are summarized in Table 2 as well. Selected area electron diffraction (SAED) was performed to obtain the information regarding the crystal structure of each phase in Fig. 3  (a) . Fig. 4(a) and (b) shows the SAED patterns of N1 together with the matrix, N3. Both the Ta-Nb-rich phase (N1) and the matrix (N3) have a BCC crystal structure but with different lattice parameters. Moreover, two sets of diffraction spots, as indicated by the red arrow along the [111] and [100] zone axes, suggest that the Ta-Nb-rich precipitate has an orientation similar to the BCC matrix but with a slight tilt due to the lattice mismatch. The SAED patterns of the N2 area along the zone axes of ½0111 and ½2110 are shown in Fig. 4(c, d) , confirming a Hf-Zrrich HCP phase. Fig. 4(e, f) presents the mixed diffraction patterns of the HCP phase and the BCC matrix. The crystallographic-orientation relationship between this HCP phase and the matrix is revealed as f0001g hcp ==f110g BCC and ½2110 HCP ==½111 BCC , a classical Burgers orientation relationship (OR) [16] .
The equilibrium mole fraction of stable phases as a function of temperature for the HfNbTaTiZr RHEA was calculated in [12] , which predicts the formation of a single BCC solid-solution phase in a temperature range from 1020 to 1200°C. At 1020°C, another BCC phase enriched with Nb and Ta starts to precipitate, and an HCP phase mainly consisting Note. TEM-EDX: data was collected in the grain interior; APT: data was collected at the location close to the grain boundary. of Hf, Ti, and Zr starts to form at 800°C [12] . In other words, below 1020°C , the single BCC phase is no longer thermodynamically stable and begins to decompose into a multi-phase structure. At 700°C, the database predicts co-existing Ta-Nb-rich BCC and Hf-Zr-rich HCP phases. However, some disagreements exist between the CALPHAD calculations [12] and the present experiments at 550 and 700°C. Calculations [12] predict that two phases co-exist at 550 and 700°C. But the annealing experiment at 550°C for 96 h presents that three phases co-exist and annealing at 700°C for 96 h shows the formation of the HCP phase in a minor fraction. Note that the annealing time may be too short to reach the equilibrium state. In fact, Fig. 2(a) shows that the diffraction peaks from the residual BCC matrix at 550°C become weak with only one major peak existing in the diffraction pattern. The calculation predicts very well for Ta, Ti, and Zr contents in the BCC phase and Ta, Nb, Zr, and Hf contents in the HCP phase, compared with experiments (Table 2 ), but the Nb and Hf contents in the BCC phase and Ti content in the HCP phase do not match the experimental result in both phases.
Even though most of the published literatures found a single BCC structure after the homogenization at high temperatures, the HfNbTaTiZr alloy exhibits phase decomposition when annealed in the intermediate temperature range [6, [9] [10] [11] [12] . It is known that the Nb and Ta elements possess a stable BCC structure in a wide range of temperatures, while Ti, Zr, and Hf manifest an HCP structure at low temperatures but a BCC structure at high temperatures [17] . To explain the anomalous phase decomposition in the HfNbTaTiZr alloys upon the post-heat treatment, the crystal structure of the constituent metal and the binary diagrams formed by the alloy's constituents should be considered. As suggested by the Ta-Nb phase diagram, a solid-solution alloy forms for all concentrations and maintains a BCC structure at both low and high temperatures, but the HCP structure is the low-temperature stable phase for Hf, Zr, and Ti, and their binary phase diagrams show a BCCto-HCP phase transformation above a certain temperature. Thus, it is highly possible that an extra HCP phase is formed in the single-phase HfNbTaTiZr RHEA during the post-heat treatment process. Furthermore, in a recent study [12] of the annealing effect on the nanocrystalline HfNbTaTiZr RHEA made by high-pressure torsion, three phases were detected and confirmed as BCC1, BCC2, and HCP structure by synchrotron XRD. However, it is not the case in the present work. The decomposition found in the current work, which occurs during the annealing process at 700°C, is from the as-quenched state obtained by water quenching after homogenizing at 1200°C. This trend means that the effect of the cold-worked structure on free energies of different phases and thus the equilibrium state could be avoided in the present work. Therefore, the present experimental design could clearly reveal the evolution and the approach to the equilibrium state during annealing without the cold-worked structure effect.
The phase stability of the as-cast HEAs is often predicted, based on some widely-adopted empirical parameters, including the mixing enthalpy (ΔH mix ), mixing entropy (ΔS mix ), and atomic-size misfit (δ %) [18] . The empirical criteria for the formation of a single-phase BCC HEA are −15 kJ/mol b ΔH mix b 5 kJ/mol [19] , valence electron concentration (VEC) b 6.87, and 1% b δ b 6% [18, 20] . Table 3 lists the VEC and atomic size for each composing element [21] , and Table 4 presents the mixing enthalpy of all possible atomic pairs among the five constituents [22] . For the HfNbTaTiZr RHEA, VEC = 4.4, δ = 4%, and ΔH mix = 2.72 kJ/mol meet the criteria, which is consistent with the singlephase formation in the high-temperature range. However, this prediction is essentially for the phase equilibrium at high temperatures close to the melting point, where the mixing-entropy effect could be fully utilized to enhance the formation of solid solutions.
As for the phase decomposition in the sample annealed at 700°C, it can be thermodynamically explained with the decreased high-entropy effect, since some other factors would become significant, as compared to the decreased high-entropy effect at lower temperatures. In fact, the three criteria mentioned above relate with the chemical bonding, crystal-structure tendency, and atomic-size difference, respectively, and affect the Gibbs free energy. From the basic relation, ΔG mix = ΔH mix − TΔS mix , for each kind of structure, ΔH mix is actually the chemical-bonding-energy change, ΔH chem , plus the strain-energy-induced ΔH strain . "VEC" and "δ" relate with ΔH strain [18] and these three factors basically do not change with temperature. The influence on the free energy for different temperatures can be regarded to be small, which means that the mixing entropy effect becomes the main factor as the temperature is a multiplier of entropy in the ΔG mix equation. Under this condition, the free energy of the high-entropy solid solution is raised more rapidly, relative to competing low-entropy phases when temperature is lowered.
In conclusion, the crystal structure and microstructure of the homogenized HfNbTaTiZr alloy after annealing at intermediate temperatures (550°C, 700°C, 900°C and 1000°C) for 96 h or at 700°C for 2.5 h, 96 h, and 192 h are systematically investigated. The TEM study of the crystal structure and composition reveals that the HfNbTaTiZr RHEA decomposes into three phases, the BCC matrix, BCC Ta-Nb-rich, and HCP Zr-Hf-rich precipitates when annealing at 700°C even after a short-period of annealing time, 2.5 h. SAED study further unveils that both the BCC and HCP precipitates have preferred orientations with the BCC matrix, the orientation of the BCC precipitates is similar to the matrix but with a slight tilt due to large lattice mismatch and with an orientation relationship between the matrix and the HCP as f0001g hcp = =f110g BCC and ½2110 HCP ==½111 BCC . Materials Sciences (CNMS), which is a U.S. DOE Office of Science User Facility. The use of the Advanced Photon Source and Center for Nanoscale Materials at ANL, an Office of Science user facility, was supported by the U.S. Department of Energy, Office of Science, Office of Basic 
